During development and nerve injury, complex interactions between glial cells and neurons are essential for establishing proper nerve function. Neurotrophins play multiple roles in the developing nervous system, including cell survival, growth, and differentiation. Here we show that migration of Schwann cells, isolated from sciatic nerves, is significantly enhanced by neurotrophin 3, but not by nerve growth factor or brain-derived neurotrophic factor. The neurotrophin-3-induced cell migration was also observed in Schwann cells isolated from sciatic nerves of p75 NTR؊/؊ mice, indicating that neurotrophin 3 enhances cell migration through TrkC. This effect was blocked by K252a, an inhibitor of the Trk receptor family. Additionally, the neurotrophin-3-induced cell migration depended on Rho GTPases (Rac1 and Cdc42) and c-Jun N-terminal kinase. We obtained the same results with Cos-7 cells expressing TrkC. Taken together, these results suggest that neurotrophin 3 activation of TrkC induces Schwann cell migration through the c-Jun N-terminal kinase signaling pathway.
C
ell migration is thought to be initiated in response to extracellular cues, which can be diffusible factors and signals present on neighboring cells (1) . In the developing peripheral nervous system, Schwann cells, the myelin-forming glia, proliferate, migrate along the axonal surface, ensheath individual axons, and eventually form the myelin sheath (2, 3) . Schwann cell migration is also essential in response to tissue damage after injury (4) . After nerve transection, Schwann cells migrate from the proximal and distal stumps and form a continuous tissue cable, guiding regenerating axons. However, the factors that regulate migration of Schwann cells and their signaling mechanisms remain elusive.
Neurotrophins are involved in almost every aspect of normal and pathological neuronal behavior. These diffusible trophic factors are best known for their ability to support the survival and growth of neuronal cells and for the proper development of nervous-system function (5-7). Neurotrophins consist of nerve growth factor, brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), and neurotrophin 4͞5, and they activate two structurally unrelated receptors, the p75 neurotrophin receptor (NTR) and the receptor tyrosine kinases designated (Trk). The p75 NTR binds all neurotrophins with a very similar affinity, whereas the Trk receptors show more restricted neurotrophinbinding affinity (7) .
Several lines of evidence suggest that small GTPases of the Rho family regulate the organization of the actin cytoskeleton (8, 9) . The best-characterized Rho GTPases, RhoA, Rac1, and Cdc42, are implicated in the formation of actin stress fibers, lamellipodia, and filopodia, respectively, and through them the process of cell migration. Rho GTPases act as molecular switches and cycle between active (GTP-bound) and inactive (GDPbound) states. Their activities are controlled positively by guanine nucleotide-exchange factors (GEFs), which catalyze the replacement of GDP with GTP, and negatively by GTPaseactivating proteins, which enhance the endogenous GTPase activity. Rac1 and Cdc42 not only regulate the actin cytoskeleton through their effector molecules, but also activate the signaling cascade of the c-Jun N-terminal kinase (JNK) group of mitogenactivated protein kinases (10) .
We demonstrated that BDNF enhances myelination of Schwann cells through p75 NTR and that NT3 inhibits the process through TrkC (11, 12) . To further investigate the inhibitory role of NT3 in the myelination process, the effects of NT3 on proliferation, differentiation, and migration were assayed on primary Schwann cells. We found that NT3 greatly enhances cell migration solely through TrkC. In addition, we found that this effect depends on Rho GTPases (Rac1 and Cdc42) and JNK. These results suggest that NT3 activation of TrkC inhibits the Schwann cell myelination program by enhancing Schwann cell migration through the Rac1͞Cdc42͞JNK pathway, providing an example of a functional role of this pathway.
Materials and Methods
Materials. The following antibodies were purchased: anti-JNK and anti-RhoA (Santa Cruz Biotechnology); anti-Rac1 and anti-Cdc42 (BD Biosciences Pharmingen); antiphosphorylated (pThr 183 ͞pTyr 185 ) JNK (Cell Signaling Technology, Beverly, MA). The following inhibitors were purchased: K252a and Clostridium difficile Toxin B (Calbiochem-Novabiochem); SP600125 (Biomol, Plymouth Meeting, PA). The anti-TrkC antibody was generously provided by A. Welcher (Amgen Biologicals). Nerve growth factor was purchased from Serotec. BDNF, NT3, and TrkC-Fc were gifts from Regeneron Pharmaceuticals (Tarrytown, NY). GST-tagged mDia1-RBD and ␣Pak-CRIB were purified from Escherichia coli BL21 (DE3) pLysS as described (13, 14) . expression plasmids encoding RhoA⅐GTP-binding domain (RBD) of mDia1 and Rac1⅐GTP-and Cdc42⅐GTP-binding domain (CRIB) of ␣Pak were constructed as described (16, 17) . The SR␣-HA-JNK1 plasmid was generously provided by M. Karin (University of California at San Diego, La Jolla).
Cell Culture and Transfection. Primary Schwann cells were prepared from sciatic nerves of Sprague-Dawley rats or mice (129S or p75 NTRϪ/Ϫ ; The Jackson Laboratory) at postnatal day 2 (12) . Schwann cells were cultured on poly-L-lysine (100 g͞ml)-coated dishes and were plated for experiments on type I collagen (100 g͞ml)-coated dishes in DMEM containing 10% heatinactivated FBS and 50 g͞ml gentamicin at 37°C. Before performing experiments, Schwann cells were cultured in Sato medium (18) containing 1 mg͞ml BSA for 16 h. Cos-7 cells were cultured in DMEM containing 10% FBS, 50 units͞ml penicillin, and 50 g͞ml streptomycin. Cos-7 cells were plated on collagencoated dishes and were transfected by using calcium phosphate precipitation. Transfection efficiency typically exceeded 98% by using an enhanced GFP-expressing plasmid as the control. The final amount of the transfected DNA for a 6-cm dish was adjusted to 15 g by addition of empty vector pCMV. SR␣-HA-JNK1 (1 g) or pCMV-Rho GTPases (3 g) were cotransfected with pCMV-TrkC (0.5 g), pUSE-CA-Src (1 g), or pCMVGEFs for Rho GTPases (10 g) into Cos-7 cells. The medium was replaced 24 h after transfection, and cells were cultured in DMEM containing 1% FBS and 1 mg͞ml BSA for 16 h. Unless otherwise indicated, cells were pretreated with or without K252a (100 nM, 45 min), SP600125 (100 nM, 45 min), or Toxin B (1 ng͞ml, 16 h) before stimulation with NT3 (10 ng͞ml, 0-120 min). To confirm cell viability under these experimental conditions, cells were stained with 0.4% trypan blue. Trypan-blueincorporating cells numbered Ͻ1% in each experiment. Cell Migration Assay. Cell migration was measured by using a 24-well Boyden chamber (BD Biosciences) (19) . In brief, polyethylene terephthalate (8-m pore size) filters were coated with collagen. Cells (1 ϫ 10 5 cells for Schwann cells or 4 ϫ 10 5 cells for Cos-7 cells) in 500 l of medium per well were loaded into the upper chambers, which were inserted into the tissue-culture wells containing neurotrophins at the final concentration of 10 ng͞ml in 750 l of medium per well. After incubation at 37°C for 5-6 h, the filters were stained with Giemsa solution. The number of stained, migrating cells at the bottom surface of the filters was counted at four fields per filter in two to four independent experiments.
Immunoprecipitation and Immunoblotting. Cells were lysed in 200 l (35-mm dishes) or 600 l (60-mm dishes) of lysis buffer as described (14, 15) . Aliquots of the supernatants were mixed with protein G resin preabsorbed with 0.5 g of anti-JNK antibody. The immunoprecipitates or the proteins expressed in the cell lysates were denatured and then separated on SDS-polyacrylamide gels. The electrophoretically separated proteins were transferred to nitrocellulose membranes, blocked, and immunoblotted. The bound antibodies were detected by using the ECL system (Amersham Biosciences).
JNK Assay. Immunoprecipitated JNK was immunoblotted with antiphosphorylated JNK antibody, which recognizes the active form (20) . To compare the total amount of JNK, the immunoblotting was also performed with anti-JNK antibody. Three to four separate experiments were performed, and images of protein bands were captured by using an Epson GT-7000U scanner (Long Beach, CA). The band intensity in the immunoblot was semiquantified by using NIH IMAGE 1.61 (http:͞͞rsb. info.nih.gov͞nih-image). Levels of the phosphorylated forms were normalized to the amount of total kinase.
Pull-Down Assays for Rho GTPases. To detect GTP-bound Rho GTPases, we performed pull-down assays using GST-tagged mDia1-RBD or ␣Pak-CRIB (16, 17) . The representatives of two to four experiments are shown in the figures. 
Results

NT3 Enhances Schwann Cell Migration Through TrkC.
In an attempt to uncover potential factors involved in the regulation of migration, conditioned media from dorsal root ganglion (DRG) neurons were applied to primary Schwann cells. Migration assays were performed in Boyden chambers, where Schwann cells were plated on the filters in the upper wells and allowed to migrate out onto the lower chamber through 8-m pores. The presence of conditioned media greatly enhanced Schwann cell migration, whereas addition of the NT3 scavenger TrkC-Fc (1 g͞ml) to conditioned media diminished the effect by Ϸ50% (data not shown). These studies were consistent with our findings that DRG neurons secrete NT3 (11) and hinted at the physiological effects of NT3, which then drove the following experiments.
To investigate the effects of NT3 on Schwann cell migration, NT3 was placed in the lower wells of the Boyden chambers forming a concentration gradient that extended into the upper wells. As shown in Fig. 1A , stimulation with NT3 enhanced Schwann cell migration by Ϸ4-fold. This effect was blocked by pretreatment with K252a, an inhibitor of the Trk receptor family ( Fig. 1 A and B) . Pretreatment with K252a completely abolished the NT3-induced tyrosine phosphorylation of TrkC (data not shown). In contrast, nerve growth factor and BDNF did not promote cell migration (Fig. 1C) . These results suggest that NT3 enhances Schwann cell migration through TrkC, consistent with our findings that Schwann cells express full-length TrkC but not TrkA or TrkB (12) . Because Schwann cells express high levels of p75 
NT3 Enhances Migration of Cos-7 Cells Expressing TrkC.
To confirm that NT3 activation of TrkC stimulates cell migration, a transient transfection system using Cos-7 cells was used. Cos-7 cells do not express any neurotrophin receptors at any detectable level by immunoblotting (data not shown). NT3 enhanced migration of Cos-7 cells transfected with the plasmid encoding TrkC by Ͼ2-fold, and this effect was blocked by pretreatment with K252a ( Fig. 1 E and F) . In contrast, mock-transfected Cos-7 cells did not respond to NT3 (Fig. 1G ).
NT3 Enhances Cell Migration Through JNK.
JNK is thought to be a key regulator of many cellular processes during development (10) . Therefore, we next investigated whether NT3 enhances cell migration through JNK. Pretreatment with SP600125 (21), a specific inhibitor of JNK, blocked the NT3-induced migration of Schwann cells ( Fig. 2A) and Cos-7 cells transfected with TrkC (Fig. 2B) , suggesting that JNK may mediate cell migration induced by NT3. Specific inhibitors of the extracellular signalregulated kinase and p38 mitogen-activated protein kinase pathways had no effect on migration (data not shown).
To determine whether NT3 stimulates the intrinsic activity of JNK in primary Schwann cells, endogenous JNK was immunoprecipitated from the lysate of Schwann cells and immunoblotted with antiphosphorylated JNK antibody, which recognizes the active state (Fig. 3 A-C) . Stimulation with NT3 activated JNK in a time-dependent manner in Schwann cells at a level similar to the JNK activation by anisomysin, an artificial activator of JNK (Fig. 3 A and B) . The JNK activity reached maximum level at 30 min after stimulation with NT3 and remained activated for at least 120 min. In addition, the NT3-induced JNK activation was inhibited by pretreatment with K252a (Fig. 3C ). These results demonstrate that NT3 activation of TrkC stimulates JNK activity in Schwann cells.
Similar results were obtained after stimulation with NT3 in Cos-7 cells cotransfected with the plasmids encoding JNK and TrkC (Fig. 3 D-F) . Stimulation with NT3 activated JNK in a time-dependent manner and at levels similar to the JNK activation by anisomysin (Fig. 3 D and E) . In addition, the NT3-induced JNK activation was inhibited by pretreatment with K252a (Fig. 3F) . The dominant-inhibitory variant of JNK kinases MKK4 or MKK7 also blocked the NT3-induced migration (data not shown), indicating that JNK activity is necessary for migration.
NT3 Enhances Cell Migration Through Rho GTPases.
Because the Rho GTPases Rac1 and Cdc42 act upstream of JNK in various signaling pathways (22, 23) , we examined the involvement of these Rho GTPases in cell migration induced by NT3. Pretreatment with Toxin B (24) , which glycosylates and inhibits RhoA, Rac1, and Cdc42, blocked the NT3-induced migration of Schwann cells (Fig. 4A) and Cos-7 cells transfected with TrkC (Fig. 4B) , suggesting that Rho GTPases are also involved in the NT3-induced cell migration. Furthermore, pretreatment with Toxin B inhibited the JNK activation by NT3 in Schwann cells (Fig. 4C) and Cos-7 cells transfected with TrkC (Fig. 4D ). These results demonstrate an involvement of Rho GTPases as a regulator of cell migration.
We therefore measured the activities of endogenous Rho GTPases RhoA, Rac1, and Cdc42 in Schwann cells by the pull-down assays with GST-tagged mDia1-RBD and ␣Pak-CRIB. The mDia1-RBD specifically associates with active GTPbound RhoA, and the ␣Pak-CRIB specifically interacts with active GTP-bound Rac1 and Cdc42. The GTP-bound forms of RhoA and Rac1 were detected in the lysate of Cos-7 cells cotransfected with the plasmids encoding CA-Src and Dbl homology domain of RhoA-and Rac1-GEF Vav2 (13) . The GTP-bound Cdc42 was detected in the lysate of Cos-7 cells transfected with Dbl homology and pleckstrin homology domains of Cdc42-GEF Frg (15) . As shown in Fig. 5 B and C, Rac1 and Cdc42 were activated in a time-dependent manner after stimulation with NT3 in Schwann cells. The activities of Rac1 and Cdc42 reached maximum levels at 30 min after stimulation with NT3. These effects were inhibited by pretreatment with K252a ( Fig. 5 D and E) . In contrast, RhoA was down-regulated after stimulation with NT3 in Schwann cells (Fig. 5A) . The RhoA activity reached the lowest level at 60 min after stimulation with NT3. Similar to Schwann cells, Rac1 and Cdc42 were activated after stimulation with NT3 in a time-dependent manner, in Cos-7 cells cotransfected with the plasmids encoding TrkC and Rac1 or Cdc42 (Fig. 5 G and H) . In addition, these effects were inhibited by pretreatment with K252a ( Fig. 5 I and J) . In contrast, RhoA was down-regulated after stimulation with NT3 in Cos-7 cells (Fig. 5F ). Taken together with the results from Fig. 4 , these results suggest that NT3 activation of TrkC stimulates JNK activity and cell migration through activation of Rac1 and Cdc42. Furthermore, the time course of the activation of Rac1 (Fig. 5  B and G) and Cdc42 (Fig. 5 C and H) was very similar to that of JNK activation (Fig. 3 B and E) , indicating that Rac1 and Cdc42 can act as activators of the JNK cascade in the NT3͞TrkC signaling pathway. Although RhoA was down-regulated following stimulation with NT3, RhoA does not appear to act as an upstream regulator of JNK cascade (22, 23, 25) .
Discussion
The formation of peripheral myelin by Schwann cells can be divided into three major stages: proliferative, premyelinating, and myelinating stages. The proliferative stage is characterized by proliferation and migration of premyelinating Schwann cells. We demonstrated that NT3 inhibits myelination of Schwann cells through TrkC and that expression of NT3 levels correlated with the initiation of the proliferation stage (11, 12) . Thereafter, NT3 levels gradually decrease throughout the proliferative and early premyelinating stages. In addition, the expression of TrkC decreases in the early myelinating stage of Schwann cell͞DRG neuronal cocultures and in sciatic nerves during the postnatal development (12) . This finding suggests a potential role for NT3 in the proliferative stage of Schwann cell development. Here we show that NT3 stimulates Schwann cell migration through TrkC.
Like NT3, glial growth factor (GGF), an isoform of neuregulin 1, enhances Schwann cell migration (26) and inhibits myelination (27) . Because the NT3 scavenger TrkC-Fc inhibits Schwann cell migration by Ϸ50% induced with conditioned media from DRG neurons, it is possible that secreted GGF is responsible for the remaining activity. Therefore, NT3 and GGF may act cooperatively in this process. Future studies to determine the expression and localization of NT3, GGF, and their receptors during development and nerve injury should aid in examining the redundancy of NT3 and GGF in controlling Schwann cell migration and in identifying other possible functions. The levels of neuregulin isoforms (28) and the cognate receptors ErbB2 (29) and ErbB3 (30) are down-regulated in sciatic nerves during the postnatal development. It is conceivable that downregulation of NT3͞TrkC and GGF͞ErbB2͞ErbB3 is required for the transition into the myelinating stage. This possibility also suggests that NT3͞TrkC and GGF͞ErbB2͞ErbB3 may have the ability to maintain Schwann cells in a nonmyelinating state, an idea supported by the finding that GGF is a mitogen for Schwann cells (31) . However, whether NT3 is a mitogen for Schwann cells is not yet known.
Schwann cell migration is not only essential for development of the peripheral nervous system but also for regeneration and remyelination after nerve injury. During regeneration, Schwann cells play a key role in supporting neuronal survival and growth. After nerve injury, NT3 synthesis is up-regulated in satelite cells surrounding neurons in the transected DRG (32) . Therefore, if NT3 establishes a concentration gradient, highest at satelite cells near the transected site and decreasing toward the periphery, Schwann cells could potentially migrate out of distal nerve stumps along the NT3 gradient to promote neuronal survival.
It has been widely reported that JNK is responsible for cell migration during Drosophila development, specifically during the process of dorsal closure (10) . We show that JNK is required for the NT3͞TrkC-induced migration of Schwann cells. In addition, we also demonstrate that Rac1 and Cdc42 are necessary for activation of JNK. Thus, it is possible that Rac1 and Cdc42 associate with JNK upstream kinases such as MEKK1 and MLK2 (25) , resulting in up-regulation of the JNK cascade. In contrast, RhoA is down-regulated through TrkC, and it is unlikely that RhoA regulates the JNK cascade (22, 23) . Although it remains unclear whether down-regulation of RhoA is involved in Schwann cell migration, RhoA is often regulated oppositely from Rac1 and Cdc42 in the signal transduction cascades of the nervous system (33) . RhoA and Rac1͞Cdc42 may be oppositely regulated by upstream regulators including GEFs and GTPaseactivating proteins for Rho GTPases in the TrkC signaling pathway.
In the present study, we demonstrate that NT3͞TrkC uniquely stimulates Schwann cell migration through the Rac1͞Cdc42͞ JNK pathway. This finding provides yet another example of how NT3͞TrkC may function during development or after nerve injury by recruiting Schwann cells along axons or to the site of injury before the initiation of myelination. On the basis of these findings, we summarize the proposed signaling pathway in Fig.  6 . Recently, paxillin, a focal adhesion protein, has been identified as a target for JNK in the migration of epithelial cells and keratocytes (34) . Therefore, paxillin may be a candidate for the JNK substrate involved in Schwann cell migration. Further study is necessary to clarify the detailed mechanism of Schwann cell migration by Rac1͞Cdc42͞JNK. Such studies would be useful for the development of therapeutic procedures after nerve injury and for the elucidation of the early process of myelination by Schwann cells. 
